Abstract-In this paper, a structure preserving energy margin (EM) sensitivity-based analysis is presented to determine the amount of preventive generation rescheduling to stabilize a transiently unstable power system. An expression using a simplified model is derived to relate the change in the EM to change in generation. Utilising this expression, two approaches for generation rescheduling are developed which are applicable to detailed model of power systems. The proposed methods are applied to the 10-machine New England power system and 16-machine power system with detailed power system models.
I. INTRODUCTION
I N A power system, maintaining an acceptable level of dynamic security is an important issue. Dynamic security analysis deals with the evaluation of the ability of a power system to withstand contingencies, i.e., to remain stable and settle to an acceptable steady-state condition. When any potential instability due to a credible contingency is detected, preventive control has to be applied. One form of preventive control is generation rescheduling. The major issues in generation rescheduling are determination of the amount of generation change and the choice of generators. This paper presents a new methodology for generation rescheduling using energy margin (EM) sensitivities.
A variety of dynamic security assessment methods have been suggested in the literature. These methods include time-domain solutions [1] , energy function methods [2] - [4] , pattern recognition techniques [5] , neural network [6] , and trajectory sensitivity analysis [7] . The energy function method has been of interest for dynamic security assessment, since it can provide a quantitative measure of the degree of system stability based on an EM [8] - [10] , which can be analyzed as a function of relevant system parameters using sensitivity analysis. In [11] and [12] , the sensitivity of the EM to generation is used in conjunction with optimization methods to obtain economic generation limits. In these papers, the EM sensitivity has been computed numerically. In [13] - [17] , analytical expressions are used to obtain sensitivity of EM with respect to system parameters. In [18] and [19] , iterative schemes are used to arrive at a generation configuration which gives a secure system for an initial operating condition and a designated contingency which would otherwise make the system unstable. Two basic routines are used: generation redispatch and security assessment. An insecure power generation configuration is changed in the generation redispatching routine; security of the changed generation configuration is evaluated in the security assessment routine. This process is repeated until a secure solution is obtained.
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A hybrid method [20] , which combines time-domain simulation and energy function method, has been used in [21] - [25] to evaluate transient stability limits employing detailed models of power systems.
In other approaches [26] , [27] , stability constraints are included as a part of an optimal power-flow problem by converting the differential equations into numerically equivalent algebraic constraints. In these approaches, generation rescheduling is performed for simple power system models employing classical model for generators and constant impedance type models for loads.
In this paper, a structure preserving energy function [28] defined for a classical power system model is utilized to derive an expression for sensitivity of EM with respect to generation changes. Modifications are made to make the method applicable for detailed models and to compute EM reliably without need for controlling unstable equilibrium point computations. Two methods are proposed for this purpose and are compared.
The paper is structured as follows. In Section II, the analytical expression for EM change for generation changes is derived using structure preserving energy model. Motivated by the result, two heuristic methods are developed to make the method applicable for detailed model of power systems. In Section III, case studies are carried out on a 10-machine New England system [29] and 16-machine system [30] with detailed models employing constant impedance and constant power type loads, to validate the method.
II. ANALYTICAL EXPRESSION FOR EM SENSITIVITY FOR GENERATION CHANGES

A. Structure Preserving EM Sensitivity
The following assumptions are made in this section for the derivation of a sensitivity expression. 1) Generator is represented by the classical model (a constant voltage source behind a transient reactance). 2) Real power loads are of constant power type and reactive power loads are of constant reactance type. 3) Mechanical input torque is constant. Mechanical damping is assumed to be negligible. 4) Transmission losses are neglected. This means that the overall system load and generation is held constant. 5) A small change in generation does not alter the mode of instability (MOI). The dynamic behavior of the power system is described by a set of differential-algebraic equations [29] . The differential equations are the "swing equations" corresponding to machine rotors
The algebraic equations are the real and reactive power balance equations. At any bus , (excluding the generator internal bus), the real power balance equation is given by ( 3)
The reactive current balance equations (at buses other than the generator internal buses) can be written as (4) The generator transient reactance is treated like another transmission line (connecting generator internal bus to the generator terminal bus).
With this model, it is possible to construct a structure preserving energy function [2] , [31] as follows: (5) where (6) The energy function is constructed using the parameters of the post-disturbance system.
can be chosen such that when the post-disturbance system is at the desired stable equilibrium point.
A small change in generation moves the critical unstable equilibrium point (uep) to from and also changes the expression for energy function (the new energy function is denoted by ). This results in a new value for the EM, given by (7) where represent the change in the energy at the fault clearing point and represents the change in the critical energy due to generation changes.
Following the steps indicated in the Appendix, the expression for change in EM due to generation changes (for a given operating condition, contingency and fault clearing time) is obtained as follows: (8) where and are the change in the rotor angle and speed of th machine respectively, due to generation change, at the fault clearing time.
Let be the EM sensitivity index for th generator defined by (9) Using (9) in (8), we get (10) The index can be used to identify candidate machines and the sign of generation shift to stabilize an unstable system. Since the total system load is met even after generation rescheduling, is chosen such that (11) where is the total generation shift and (12)
B. Modification of the Method for Detailed Power System Model
The developed method is applied to detailed power system models by using the following approaches.
Approach 1: In this approach, the following energy function is used, where the rotor angles and speeds are measured relative to the center of inertia (COI) [2] : (13) where (14) ( 15) where It is to be noted that the involves a path dependent integral in terms of , which is evaluated using the trapezoidal rule of integration [29] .
A rough estimate of and is obtained as follows, by assuming uniform acceleration during the fault-on period: (16) Using (10) and (16), we get the expression for change of EM due to generation changes as follows: (17) where (18) Approach 2: This approach is based on the energy associated with system separation, where from the unstable trajectory, accelerating machines are taken to be in group and decelerating machines in group . Representing machines of each group by their center of angle, the equation of motion of centers of angles is described by the following equations [2] , [4] : (19) (20) where Using (19) and (20), we can write the swing equation for an equivalent single machine infinite bus system as follows: (21) where For the equivalent system, the energy function can be written as follows: (22) where (23) (24) where Note that contains a path dependent integral which is evaluated by trapezoidal rule of integration as in Approach 1. Using (10) and (16), the expression for change in EM due to generation shift from group to group is approximated as follows: (25) where (26) and represents the value of immediately after fault clearing.
C. Procedure of Application
If a power system is unstable for a given contingency, two basic issues are to be addressed in order to stabilize the system. 1) Identification of candidate generators for generation rescheduling. This is done using either of the following procedures: 1) Selection Procedure A: From the unstable trajectory for the base generation case, determine the EM sensitivity indices using (18) . For this:
• determine the instant when the potential energy component (15) , evaluated along the post-fault unstable trajectory, reaches its maximum. is approximated to be the at this instant; • is obtained noting the rotor angles at the time of fault clearing. Machines with relatively high negative index are identified to be a group whose generation has to be decreased and machines having relatively large positive index are those at which generation is to be increased in order to stabilize the system. 2) Selection Procedure B:
Using the unstable trajectory, the accelerating and decelerating groups of machines are identified. In order to stabilize an unstable system, generation in the accelerating group is decreased and shifted to the decelerating group of machines. Note: For both selection procedures, the generation shift should satisfy (11) and (12) . It is recommended that the sharing of generation shift within a group be done in proportion to inertia or to the large inertia machines, to reduce the relative angle movement within the group. 2) Determination of the amount of generation shift required. The procedure followed to determine the amount of generation shift required to stabilize a transiently unstable system is given below for Approaches 1 and 2. Since many approximations have been made to make the expression (derived using simple models) applicable to detailed power system models, a two-step procedure is described below to determine the amount of generation shift.
Approach 1:
Step-1: (Rough Prediction): 1) Evaluate as given in Selection Procedure A.
2) Find the rotor speeds at the fault clearing time and immediately after fault clearing. 3) Compute the EM , noting the maximum value of potential energy , and the total energy (13) at the fault clearing time, for the post-fault system. Thus Determine the generation shift using (17) . Denote this shift as .
Step 2: (Refinement):
Errors are expected in estimating due to many approximations. It is conjectured that the extent of error will reduce if we are close to the actual solution. Therefore, to get a better estimate of , do the following. 1) Perform a partial generation shift among the candidate generators., i.e., (determined in Step-1) is shifted.
is chosen so that the new generation configuration still results in an unstable system in order to allow us to use Step-1. An appropriate value of for a given system may be obtained from off-line studies.
2) Repeat the procedure indicated in Step-1 to determine with the new generation configuration.
3) The final estimate of generation shift required (from the base generation) to stabilize an unstable system is given by Note:
• One transient stability simulation run is required for each step. Therefore, a two-step method requires two transient stability simulation runs. The energy and the sensitivities are by-products of the transient stability simulation and require negligible computational effort as compared to the simulation itself.
• To improve accuracy, the method can be generalized by considering steps as follows:
However, large number of steps imply a greater computational cost. Also, for preventive rescheduling to avoid potential instability for a possible contingency, a high degree of accuracy is not required.
Approach 2:
Step 1: (Rough Prediction):
To get the first estimate of generation shift required: 1) Determine the instant when the potential energy component (24) , of the energy function evaluated using the post-fault unstable trajectory, reaches its This step is similar to that in Approach 1. The developed approaches are applied to 10-machine New England power system and 16-machine power system for detailed model of power systems and constant impedance/power power type loads, to validate the method. The results are given in the Section III.
III. CASE STUDIES
In this section, case studies are carried out on two power systems for different fault conditions and load models.
To validate the methods, the values of obtained from the two approaches are checked against those obtained by an exhaustive search using time-domain simulation. In the following cases studied is assumed.
A. 10-Machine 39-Bus New England System
The single-line diagram of the system is shown in Fig. 1 . Generators are modeled using the two-axis model with AVR and PSS. The transmission line/transformer resistances are also considered. The system data is adapted from [29] . Base case generation and inertias of machines are given in the Appendix.
1) Fault at Bus 34 and Line Cleared Is (34-35):
Constant Impedance Loads: In this case a three phase fault is considered at bus 34 and cleared by tripping line 34-35 Fig. 2 shows that machines 1 and 3 separate together from the rest of the machines.
The EM sensitivity indices obtained using (18) , for Approach 1, are indicated in Table I. As per Selection Procedure A, machines 1, 3, and 2 are the candidate generators. This selection is also valid as per Selection Procedure B. Since the inertia of machines 1 and 3 is almost equal (see the Appendix), generation is reduced equally in machines and . Since machine 2 has a very large inertia, is shifted entirely to this machine. The final estimates of for Approaches 1 and 2, obtained using the steps indicated in Section II, are tabulated in Table II and are compared to the exact obtained using an exhaustive simulation search. The rotor angle plots for the rescheduled generation configuration is shown in Fig. 3 .
close to : In order to understand the effect of on and on the estimates obtained by Approaches 1 and 2, the fault clearing time is chosen to be 0.3 s (close to the critical value, s). For this case, the groups of separating machines remain unchanged. The are recalculated using (18) and are tabulated in Table III . The final results obtained using both approaches, are tabulated in Table IV . From the table, it is clear that Approach 2 gives better estimates than Approach 1, even for close to .
Constant Real Power Loads: In this case, the fault is cleared by tripping line 34-35 at s which is greater than the critical clearing time (0.223 s). For this clearing time, Fig. 4 shows that machines 1 and 3 separate together from the rest of the machines as in the constant impedance case.
The EM sensitivity indices obtained using (18) , for Approach 1, are tabulated in Table V. Note that both machines 2 and 8 have positive indices that are relatively higher. Although it is recommended that the sharing of generation shift within a group be done in proportion to inertia, for the sake of analysis consider the following possibilities:
1) generation shift from machines 1 and 3 to machine 8; 2) generation shift from machines 1 and 3 to machine 2 From an exhaustive search, it is found that the exact required to stabilize the system by decreasing generation equally in machines 1 and 3, and shifting it to machine 2 or 8, are 1.26 and 1.3 pu, respectively. For the rescheduled generation, Fig. 5 shows rotor angles of machines 2 and 8 with respect to the COI of the group. If the generation shift is from 1 and 3 to 8, then it can be seen from the figure that the deviation of the rotor angles relative to the group COI is larger than that in a case where shift is from 1 and 3 to 2. Since machine 2 has the largest inertia in the group, a shift to machine 2 results in a better coherence among machines in the group. Therefore, a shift of generation in proportion to inertia or to the largest inertia machine in a group is preferred.
The final estimates of for Approaches 1 and 2, when generation is shifted from machines 1 and 3 to 2, are tabulated in Table VI. TABLE VI  FAULT BUS 34, LINE CLEARED The rotor angle plots for the rescheduled generation configuration, where generation is shifted from machines 1 and 3 to machine 2, is shown in Fig. 6 .
2) Fault at Bus 26 and Line Cleared (26-28):
Constant Real Power Loads: In this case, the fault is cleared by tripping line 26-28 at s which is greater than the critical clearing time (0.145 s). For this clearing time machine 9 alone separates from the rest of the machines.
EM sensitivity indices are obtained using (18)-see Table VII . In this case, it is possible to shift generation from machine 9 to machines 1-5 and 10 as their are almost close to each other. Since machine 2 has the largest inertia (nearly ten times the rest of the machines), a generation shift from machine 9 to machine 2, is considered.
Following this selection, the final estimates of obtained using Approaches 1 and 2, are tabulated in Table VIII . From the table, it is clear that Approach 1 gives a larger error as compared to Approach 2.
3) Fault Closer to the Largest Inertia Machine: A threephase fault is considered at bus 2 followed by tripping of lines 2-11 to clear the fault. Here, loads are modeled as constant impedance type. A fault-clearing time of 1.196 s is set, which Fig. 7 . Unstable trajectory of rotor angles for fault at bus 2, line cleared: 2-11, constant impedance loads (10-machine system). is higher than the critical clearing time (1 s). Fig. 7 shows that machine 2, which is the largest inertia machine, separates from the rest of the machines alone.
The EM sensitivity indices obtained using (18) , are tabulated in Table IX. As per Selection procedure A, machine 2 and the rest of the machines are candidate generators. This is also true as per Selection Procedure B. Generation on rest of the machines is reduced in proportion to their inertia and shifted to machine 2. The final estimates of for Approaches 1 and 2, are tabulated in Table X . Note that an extra refinement step is carried out to get a better estimate. In this case, both Approaches 1 and 2 gave comparable estimates. The rotor angle plots for the rescheduled generation is shown in Fig. 8 .
B. 16-Machine 68-Bus Power System
The single-line diagram of the system is shown in Fig. 9 . Generators are modeled upto the two-axis model with AVR and PSS. The transmission line/transformer resistances are also consid- ered. The system data is adapted from [30] . Base case generation and inertias of machines are given in the Appendix. (25) (26) : Constant Real Power Loads: In this case, a three-phase fault is considered at bus 25 and cleared by tripping line 25-26 at s which is greater than the critical clearing time (0.142 s). The unstable trajectory of rotor angles is shown in Fig. 10 .
1) Fault at Bus 25 and Line Cleared
Table XI, shows that machines 8 and 11 have the highest negative and positive indices respectively. However, it is found that no amount of generation shift between these machines could stabilize the system. Thus, identification of candidate generators based on just the highest positive and negative , is found to be erroneous. Therefore, the selection is done as per Selection Procedure B. Generation is decreased in the accelerating group of machines (8 and 9), proportional to their inertia, and shifted to the machines in the decelerating group. In the decelerating group, machines 13, 14, 15, and 16 are selected as they have relatively large inertias.
Following this selection, the final estimates of obtained using Approaches 1 and 2 are tabulated in Table XII . The rotor angle plots for the rescheduled generation configuration is shown in Fig. 11 .
Constant Impedance Loads: In this case the fault is cleared by tripping line 25-26 at s, which is greater than the critical clearing time (0.109 s). Fig. 12 shows that machine 16 separates from rest of the system. Fig. 13 shows that has several peaks for constant impedance type loads for both approaches. In such a case, the last peak is considered for the computation of EM.
The following possibilities, suggested by s in Table XIII,  are considered: 1) generation shift from machine 16 to 8 and 9; 2) generation shift from machines 14, 15, and 16 to machines 1-13. In these cases, no amount of generation shift could stabilize the system. Thus, the selection of candidate generators as per Selection Procedure A, is found to be erroneous. Therefore, following Selection Procedure B, generation is shifted from machine 16 to relatively high inertia machines in the decelerating group of machines, i.e., machines 13, 14, and 15. Using this selection, the final estimates of for Approaches 1 and 2, are obtained (see Table XIV ). It is clear that Approach 1 gives a highly erroneous estimate. In Approach 2, when another refinement step is performed, an improvement is found in the estimate.
As is brought about by this example, the nature and amount of generation rescheduling depend on actual load modeling employed. Therefore, it is important to have the correct load model before carrying out a study.
IV. CONCLUSION
In this paper, based on EM sensitivity analysis for classical model of power systems, an expression is derived to relate the change in EM to generation changes. This expression is utilized to develop two approaches to make it applicable to detailed model of power systems. The second approach (Approach 2) uses the energy associated with the system separation only.
The method is validated for different type of load models and two power systems. For constant real power type loads, Approach 2 resulted in better accuracy than Approach 1. For constant impedance-type loads, Approach 2 gave better estimates as compared to Approach 1. However, extra refinement steps were required to obtain acceptable accuracy.
The selection criterion for generators to be rescheduled, based on separating groups (Selection Procedure B) is found to be more robust than the sensitivity based selection (Selection Procedure A). Within a group, it is suggested that the sharing of generation shift be done in proportion to inertia or to the larger inertia machines, to reduce the relative angle movement within the group.
APPENDIX
Derivation of Expression for change in Energy Margin due to change in generation:
For a small change in the generation, for or or , considering first order sensitivity the change in the energy at the fault clearing point, is obtained using (5) as follows: Thus (27) From (6), we have (28) The above equation is modified as (29) Using (4) in (29) and in turn substituting in (27) , we get (30) If transmission losses are neglected, we can associate a power flow to a branch (in the same way as current). Consequently, the sum of branch powers injected into a node is zero (analogous to Kirchhoff's Current Law). Similarly, the phase angle differences across branches obey the analogue of Kirchhoff's Voltage Law. One can apply Tellegen's Theorem [32] to this analog system [31] to obtain (31) Therefore, (30) becomes (32) Thus, the change in the energy at the fault clearing time is given by (33) On similar lines, we can obtain the change in the critical energy due to change in generation as follows:
The above equation is derived form (32) using the following result, which is obtained by using Tellegen's Theorem at the critical uep (35) Also note that since speeds at equilibria are zero. Using (33) and (34) in (7), the change in the EM due to generation change can be obtained as Table XV ).
